The article presents the experimental results of flow boiling of water in single rectangular microchannels. Three rectangular copper microchannels having the same hydraulic diameter (0.56 mm) and length (62 mm) but different aspect ratios (width/height, 0.5, 2.56, and 4.94) were investigated using de-ionized water as the working fluid. The experiments were conducted over the experimental range of mass flux 200-800 kg/(m 2 s), heat flux 4-1350 kW/m 2 and inlet subcooling of $14 K. The results showed that the channel with smaller aspect ratio exhibited better heat transfer performance up to certain heat fluxes ($480-500 kW/m 2 ), whilst the effect of channel aspect ratio became insignificant for higher heat fluxes. The flow boiling patterns were observed and the main flow regimes were bubbly, slug, churn, and annular flow. Flow reversal was also observed that caused a periodic flow in the two microchannels having smaller aspect ratio. A comparison of the experimental results with widely used macro and micro-scale heat transfer correlations is presented. The macro-scale correlations failed to predict the experimental data while some micro-scale correlations could predict the data reasonably well.
Introduction
The rapid developments in miniaturization of novel electronic equipment and the improvements in their performance have resulted in a big challenge in their thermal management. The required heat dissipation rate from electronics and high power devices is expected to rise significantly. For example, Karayiannis and Mahmoud [1] reported that in computer chips, the average heat flux is expected to reach 2-4.5 MW/m 2 by 2026 with local hot spots exceeding these values. Higher heat fluxes occur in insulated gate bipolar transistor modules; the heat flux at the chip level can reach 6.5-50 MW/m 2 [1] . Tullius et al. [2] reported that the heat dissipation rate in different applications could exceed 10 MW/m 2 . Accordingly, effective cooling schemes are needed to meet these huge heat fluxes. Flow boiling in microchannels is regarded as a promising solution for cooling such electronic equipment and high heat flux devices. This is based on the fact that flows with phase change can achieve high heat transfer rates and better axial temperature uniformity than single phase flow-based cooling schemes. However, the underlying physical phenomena of flow boiling heat transfer in micro scale are still not clear [1] . There is little agreement among researchers on the effect of operating and geometrical parameters on the characteristics of flow boiling at micro scale. For example, some researchers [3] [4] [5] studied the effect of channel geometry on flow boiling heat transfer characteristics and reported different conclusions. Yen et al. [3] tested smooth Pyrex glass circular and square microchannels with the same hydraulic diameter (D h ¼ 0.21 mm) and concluded that the heat transfer coefficient was higher for the square microchannel. They attributed this to the sharp edges of the square microchannel, which behaved as effective nucleation sites that enhance the heat transfer rate. On the contrary, Tran et al. [4] and Lin et al. [5] did not report any significant differences in heat transfer coefficient between circular and rectangular channels. In the following paragraphs, a review is presented on flow boiling characteristics of water in microchannels. There is a large volume of work that used for example refrigerants, which have significant differences in thermophysical properties compared to water. This difference in properties affects significantly the bubble dynamics and consequently the heat transfer rates, see Mahmoud and Karayiannis [6] . However, studies using fluids other than water that are directly relevant to the work presented here are also included for completeness. Kuznetsov and Shamirzaev [7] investigated flow boiling of R-134a in a parallel copper rectangular channels of width 335 mm and height 930 mm (b ¼ 0.36). The average roughness (Ra) of the bottom surface of the channel was 1 mm and the mass flux ranged from 200 to 600 kg/(m 2 s). It was found that the heat transfer coefficient is strongly affected by the heat flux up to x local ¼ 0.5 and hence they concluded that nucleate boiling was the dominant heat transfer mechanism. Additionally, they reported that nucleate boiling was suppressed at high vapor qualities (x local > 0.5). The authors attributed this phenomenon to the existence of a very thin liquid film, and stated that the contribution of conduction through the liquid film could exceed the contribution of nucleate boiling in the case of nucleate boiling suppression. Yin and Jia [8] studied bubble growth during flow boiling of deionized water in a single copper rectangular channel of 0.5 mm width and 1 mm height (b ¼ 0.5) and length 100 mm at a fixed inlet sub-cooling of 77 K and mass flux 20 and 40 kg/ (m 2 s). It was found that bubbles nucleate at the channel corners then grow while undergoing a change from spherical to elongated shape. Also, the bubble diameter (D) was found to obey a power law as D ¼ kt n (slow rate) similar to conventional channels in the early stage of bubble development. k and n are empirical constants and t is time. In later stages, the bubble diameter was found to increase linearly as D ¼ kt þ n (faster rate). The boundary between the two stages (point at which the trend changes from power law to linear trend) was Nomenclature A c cross sectional area, m 2 A ht heat transfer area, m 2 b thermocouple distance from the channel surface, m c p specific heat, J/(kg K) C correction factor D diameter, m D h hydraulic diameter, m D pi inlet plenum diameter, m D po outlet plenum diameter, m F evap evaporation momentum force, N F inertia inertia force, N f ch single-phase fanning friction factor f app apparent laminar friction factor f appturb apparent turbulent friction factor f FD fully developed friction factor fp correction factor for friction factor G mass flux, kg/(m 2 considered as the onset of the effect of channel confinement. In other words, the onset of bubble deformation was considered as a sign of the effect of channel confinement. Additionally, the local heat transfer coefficient was found to increase to a peak value at x local ¼ 0.2 then it decreases rapidly with increasing vapor quality with a clear heat flux effect, i.e. the coefficient increased with increasing heat flux. In addition to that, the heat transfer coefficient decreased with increasing mass flux in the high quality region. They did not explain why the heat transfer coefficient decreased with increasing mass flux. The increase of the heat transfer coefficient to a peak value in the low vapor quality region was attributed to the presence of bubbly flow and the evaporation of the thin film in the confined and elongated bubble regime for x local ¼ 0.1-0.3. They attributed the subsequent decrease in the heat transfer coefficient with vapor quality in the annular flow regime to the reduction in the evaporation rate due to the thinning of the liquid film along the channel. Their explanation seems to contradict expectations because as the liquid film becomes thinner the thermal resistance becomes lower and the heat transfer coefficient should increase with vapor quality. Huh and Kim [9] investigated flow boiling of water in a horizontal Polydimethylsiloxane microchannel of square cross sectional area 0.1 Â 0.1 mm 2 (b ¼ 1). The mass flux ranged from 90 to 267 kg/(m 2 s) and the heat flux was varied from 200 to 500 kW/m 2 . It was found that the two-phase heat transfer was dominated by the nucleate boiling mechanism. However, the observed major flow pattern was similar to conventional annular flow. The authors stated that the flow boiling in the microchannel was characterized by the fast and long elongated slug bubbles grown from single bubbles due to the continuous supply of heat through a thin liquid film. They added that the conventional correlations did not provide reliable heat transfer coefficient predictions for different vapor quality values except under some limited conditions. Krishnan et al. [10] studied the effect of orientation on flow boiling characteristics of deionized water in a micro gap channel of width 20 mm, depth 0.22 mm (b ¼ 91) and length 30 mm at a mass flux range 193-911 kg/(m 2 s). The average surface roughness of the bottom surface was Ra ¼ 1.73 mm and the inlet sub-cooling was kept fixed at 67 K. They tested four orientations namely: normal horizontal, inverted horizontal, vertical upward and vertical downward. It was found that orientation does not have a significant effect on the boiling curve and the critical heat flux for the range of their parameters.
Markal et al. [11] studied the effect of aspect ratio on flow boiling characteristics of water in a silicon rectangular multi-microchannel heat sink with aspect ratio range 0.37-5 and hydraulic diameter 0.1 mm. The mass flux ranged from 151 to 324 kg/(m 2 s) and the inlet sub-cooling was 50 K. The results indicated that the effect of aspect ratio is not significant for aspect ratio range 0.37-1.27 and 2.7-5. On the contrary, there was a significant increase in the heat transfer coefficient when the aspect ratio was increased from 1.27 to 2.7. For the channels with aspect ratio (2.7-5), the boiling curve was steeper compared to channels with aspect ratio range 0.37-1.27, i.e. boiling occurs at much lower wall superheat (about 5 K compared to 30 K for channels with smaller aspect ratio). Additionally, it was observed that the heat transfer coefficient at one location near the channel exit decreased with increasing vapor quality (heat flux) for the channels with aspect ratio range 2.7-5 (shallow channels) which was not the case for the channels with smaller aspect ratio (deep channels). In other words, shallow channels promote the occurrence of partial dryout although they achieve better enhancements in the heat transfer rates. It was also found that the heat transfer coefficient increased with increasing mass flux and therefore this was considered as an indication of the dominance of convective boiling. Singh et al. [12] investigated the effect of channel aspect ratio on flow boiling pressure drop using a single silicon microchannel having hydraulic diameter 0.142 mm, length 20 mm and aspect ratio range 1.24-3.75. The working fluid was water. It was shown that, for the same heat and mass flux, the pressure drop decreases with increasing aspect ratio (shallow channels) reaching a minimum value at b ¼ 1.56 then increases with increasing aspect ratio. Candan et al. [13] tested flow boiling characteristics of water in a single copper rectangular channel of hydraulic diameter 1.2 mm, 48 mm length and aspect ratio range 0.25-4. The average roughness Ra of the bottom surface of the channel was 0.086 mm. The mass flux ranged from 70 to 310 kg/ (m 2 s) and the inlet sub-cooling was kept at 16 K. They reported that the best performance was achieved with b ¼ 1 due to the presence of uniform liquid film at the sharp corners of square channels while the poorest performance occurred with b ¼ 0.25 due to early local dryout. The heat transfer coefficient near the channel exit was found to increase with heat flux, mass flux and vapor quality and they concluded that the dominant heat transfer mechanism is nucleate boiling. Although their results do not exactly reflect the nucleate boiling characteristics, the authors observed that bubble nucleation is active in a large part of the channels, and the dominant flow patterns are bubbly/slug flow, which they related to nucleate boiling. Soupremanien et al. [14] investigated the effect of the channel aspect ratio on the flow boiling heat transfer of Forane-365HX using two rectangular aluminum microchannels having the same hydraulic diameter and length (D h ¼ 1.4 mm, L ¼ 83 mm) but different aspect ratio (b ¼ 2.32 and 6.99). They reported that the flow boiling heat transfer coefficient is higher for the higher aspect ratio channel for low heat flux values whilst it was higher for the other channel at high heat fluxes. The authors attributed this to an earlier dryout occurrence in the channel having a higher aspect ratio. In another study, Fu et al. [15] carried out an experimental study to examine the effect of channel aspect ratio on flow boiling heat transfer and critical heat flux characteristics of dielectric liquid HFE-7100 with parallel copper uniform and diverging microchannels (D h ¼ 1.12 mm, b ¼ 0.17-2.2). They observed that the wall heat flux and the wall critical heat flux shows a peak value for b ¼ 1. The authors attributed this behavior to the copious presence of liquid film around this microchannel corners. However, they continue to comment that for the same mass flux, the base critical heat flux increases monotonously with decreasing aspect ratio. This was due to the higher heat transfer area.
The above literature indicates that the effect of channel geometry on the flow boiling heat transfer coefficient is not clear. Additionally, some researchers reported that convective boiling is the dominant heat transfer mechanism for water while others reported the dominance of nucleate boiling. Thus, further experimental studies are needed to understand the effect of geometrical parameters and operating conditions on the dominant heat transfer mechanism. The article presents an experimental study on the effect of heat and mass flux on flow boiling heat transfer characteristics of deionized water using single copper microchannels of length 62 mm. Additionally, the effect of channel aspect ratio was also investigated. Flow visualization was also conducted along with the heat transfer measurements using high speed camera integrated with a microscope. The experimental data were used to assess existing heat transfer correlations. A detailed description can be found in [16] . It consists of a liquid tank, a sub-cooler, a magnetically coupled gear pump (Micropump GA-T23, PFSB), a preheater, the test section, Data acquisition System (National Instruments), ultrasonic flow meter (Atrato 710-V20-D), a condenser and a chiller. Degassing was conducted by boiling the de-ionized water vigorously in the tank, before conducting the tests, until the difference between the temperature in the tank and the saturation temperature corresponding to the measured pressure inside the tank is ± 0.5 K. After the non-condensable gases were released to the ambient, the de-ionized water was delivered to the test section using the gear pump. The water temperature at the test section inlet was varied by adjusting the electric power to the preheaters located ahead of the test section. The data were collected after the system reaches steady state, i.e. very small fluctuations in the recorded temperature and pressure signals. The amplitude of fluctuations was 0.1 K, 0.06 K and 0.31 kPa for the fluid inlet, outlet and wall temperature and pressure drop, respectively.
Experimental setup and methodology
The test sections were cut on the top surface of an oxygen-free copper block using CNC machining. Three rectangular test sections were used in the current study and their dimensions are summarized in Table 1 . The measured uncertainty of the channel dimensions is ± 0.002 mm and ± 0.1 mm for the channel height and width and channel length, respectively. In this case, the propagated uncertainty value for the channel hydraulic diameter can be calculated as ±0.32 À 0.49% and for the channel heat transfer area as ±0.19 À 0.25%. The average surface roughness (Ra) of the bottom surface of the microchannels was found to be 0.102 mm, 0.496 mm and 0.39 mm for TS1, TS2 and TS3, respectively. Note that using the average roughness only to characterize and understand the effect of surface microstructure may be misleading. This is because the cavity mouth diameter and the cavity depth are the most important surface parameters that can affect nucleation and the bubble ebullition cycle [1, 17, 18] .
The test sections were heated using a cartridge heater inserted in the copper block in a direction parallel to the flow. The local axial wall temperatures were measured using six K-type thermocouples in the holes that were located 1.1 mm distance below the channel bottom, see Figure 2 . The copper block was inserted in a housing made of polycarbonate to reduce the heat loss. The top side of the copper block was covered with 10 mm thickness transparent polycarbonate plate for flow visualization. The pressure drop was measured directly between the channel inlet and outlet using a differential pressure transducer. All data were recorded at a frequency of 1 kHz for 3 min using the compact modular data acquisition system with Labview software. Flow patterns were observed with a Phantom high-speed, high-resolution camera which was located on top of the test section. The camera was integrated with a stereo microscope for better flow visualization.
Data reduction
The heat loss from the test section (Q loss ) was estimated by applying an electric power (P) to the test section when there is no fluid inside. The temperature difference between the bottom wall and ambient was recorded for each heating power after attaining steady state. The applied power was then plotted versus this temperature difference and the data were fitted to obtain an equation to calculate the heat loss (Q loss ) during single-phase and boiling experiments. The percentage of the heat loss varied from 5.2 to 9.2% over the experimental range. In this study, the top cover was assumed to be adiabatic and a uniform heat flux was assumed to be applied on all three sides of the channel. This assumption was adopted by past researchers in their data reduction process, e.g. [7, [19] [20] [21] [22] [23] . The heat flux (q 00 ) was defined as:
where A ht is the heat transfer area, which is defined below as:
The local single-phase heat transfer coefficient (h sp (z)) and average Nusselt number (Nu av ) are calculated as:
The channel wall temperature at the bottom surface for each axial location z (T w (z)) was obtained using the onedimensional heat conduction equation given by Eq. (5) below. T f (z) is calculated by Eq. (6) below based on an energy balance assuming uniform heat flux boundary condition. Adopting the onedimensional assumption to estimate the channel base temperature is also very common in literature, see for example refs. [2, 3, 7, 10, 12, 19] , where the assumption of linear temperature distribution versus the vertical distance was verified.
The single-phase fanning friction factor (f ch ) is calculated as:
In Eq. (7), the channel pressure drop (Dp ch ), the mass flux (G) and the channel hydraulic diameter (D h ) are calculated using Eqs. (8)-(10), respectively.
The overall pressure drop between the channel inlet and outlet plenums (Dp meas ) is measured directly using the differential pressure sensor. Dp loss defined by Eq. (11) below, is the pressure loss due to the inlet and outlet manifolds and the sudden contraction and enlargement.
The flow enters and leaves the channel in a direction normal to the flow direction. Here, the values of loss coefficients K 90 , K c and K e are provided by refs. [24, 25] . The fluid enters the channel as a sub-cooled liquid. Therefore, the channel is divided into a singlephase region and two-phase region. The single-phase region starts from the channel inlet to the location of zero thermodynamic quality with length L sub . Thus, the length of the two-phase region (L sat ) becomes:
The length of the single-phase region (L sub ) is calculated iteratively using the following equations.
The values of the constant C, f FD Re and K (1) in Eq. (15) are given in Shah [25] for rectangular channels. The dimensionless length (L Ã sub ) in Eq. (15) can be determined by Eq. (16) below. The fully-developed flow Poiseuille number (f FD Re) is given by Shah and London [24] in Eq. (17) in the form of a function of the channel aspect ratio (b).
The local pressure in the two-phase part was assumed to decrease linearly with the axial length z and it can be calculated as:
where the net two-phase pressure drop across the channel is defined as:
The local two-phase heat transfer coefficient was defined as:
The local saturation temperature T sat (z) in Eq. (20) is calculated based on the local pressure given by Eq. (18) . The vapor quality can be determined by Eqs. (21) and (22) .
x local ðzÞ ¼ iðzÞ À i l ðzÞ i lg ðzÞ
In the boiling experiments, the mass flux was kept constant and the heat flux was increased gradually in small intervals. The nominal inlet pressure was kept constant at 101 ± 15 kPa during the experiments by controlling the condenser temperature, i.e. adjust the cooling to the condenser. The propagated uncertainty analysis was conducted according to the method explained in [26] . The uncertainty values were ±5.2-7.9% for the local two-phase heat transfer coefficient, ±1.23-9.4% for local vapor quality and ±0.82-10.9% for two-phase pressure drop. The experimental setup was validated using single-phase experiments. Figure 3 depicts the experimental single phase friction factor and average Nusselt number compared with conventional correlations for fully developed and developing flow for TS2 [24, [27] [28] [29] [30] . The applicability range and reported accuracy of the single-phase pressure drop and heat transfer correlations are summarized in Table 2 . Similar figures were obtained for TS1 and TS3. The hydrodynamically developing flow theory predicted reasonably well the experimental friction factor data for all test sections with a Mean Absolute Error (MAE) of 3.5-12.4%. The experimental average Nusselt number data were predicted well by the thermally developing flow theory of Shah and London [24] with a MAE range of 5.5-9.2% and is in agreement with previous work reported in [27] .
Results and discussion

Flow patterns
The flow patterns were captured at three locations (inlet, middle and outlet regions). Four flow patterns were observed along the channel namely: bubbly, slug, churn and annular flow, see Figure 4 . Flow reversal was also observed at certain operating conditions as will be discussed later. A transitional flow regime (bubbly/slug flow) was also visualized frequently between the bubbly flow and slug flow regimes. In this transitional regime, the bubbles grow to the channel width and form slug and elongated bubbles very rapidly as they move in the flow direction due to constant heat flux input. It is worth mentioning that bubbly and slug flow were dominant in the inlet region while annular flow was dominant at the outlet section of the channel.
Flow reversal was observed in the present study at low mass fluxes at boiling incipience (low heat flux levels) and resulted in a case of periodic flow regime.
During this regime, bubbly, slug, reverse flow, localdryout and re-wetting stages occurred periodically with fluctuations in pressure drop and temperature signals, see Figure 5 . The occurrence of flow reversal may be attributed to the periodic expansion of the vapor slug to the upstream and downstream sides of the channel.
This periodic flow regime was reported by many researchers in literature [11, 19, 20] . Figure 6 displays the periodic evolution of the flow patterns observed in this study for TS2 at G ¼ 400 kg/(m 2 s) near the middle of the channel. The figure demonstrates that small bubbles nucleate at the channel corners at time designated as t ¼ 0 ms while, the central region of the channel was in single-phase flow. After 5 ms, the growing bubble merged with the surrounding small bubbles and an elongated bubble was formed. The tail of this elongated bubble seems deformed (not in spherical shape), see Figure 6 (t ¼ 6 ms). At t ¼ 7 ms the picture shows also another bubble with a spherical head coming from the inlet region. This results in the formation of an elongated bubble which expands rapidly in the upstream and downstream sides of the channel. The nose of the bubble moves faster than the tail. This could be attributed to the partial blockage of the channel resulting from the rapid growth of the bubble, without actually departing from the nucleation site. Thus, the quantity of the liquid in the downstream side of the channel becomes smaller compared to the upstream side. Given that the heat flux is constant, this can result in a higher evaporation rate downstream of the bubble (thin liquid film with less thermal resistance). After 9 ms, the picture shows "annular-like" flow patterns but it is not annular flow. This pattern resulted from the coalescence of elongated bubbles. Moreover, this pattern remained in the channel for a time period and resulted in local-dryout as can be demonstrated at time 20 ms. Moreover, the figure at t ¼ 20 ms shows that the central region of the channel is in dry-out condition, while there is a thin liquid film at the corners as indicated by the small arrows. It is interesting to note that, after 22 ms, fresh liquid enters and re-wetts the channel. The re-wetting interval took about 10 ms (from 22 ms to 32 ms), i.e. single phase liquid flow without any bubbles. After the re-wetting stage small bubbles were observed to nucleate near the channel corners again at time designated as t ¼ 32 ms.
At higher mass fluxes (G ¼ 600 kg/(m 2 s) and 800 kg/(m 2 s)), flow reversal and periodic flow regime were weak compared to that occurring at low mass fluxes due to the increase in the forward liquid inertia force. To verify this, the ratio of the evaporation momentum force and the inertia force is presented at different mass flux values under boiling incipience condition for TS2, see Eqs. (23) and (24), [31] .
As seen in Table 3 , the ratio is higher than unity for the mass fluxes 200 and 400 kg/(m 2 s) where the flow reversal and periodic flow were observed in the present study. On the other hand, for the higher mass fluxes that showed stable flow, the ratio decreased significantly and the ratio is less than unity which means that the inertia force becomes higher than the evaporative momentum force. Note that other forces such the shear force are not included in this force balance. The analysis herein is still useful giving an order of magnitude for the inertia and evaporation forces.
These findings match those observed in earlier studies [11, 19, 20, [32] [33] [34] [35] . The rapid bubble growth pushes the liquid-vapor interface of the vapor slugs toward the upstream and downstream sides of the channel. Thus, it leads to back flow since the length of the microchannels is very small compared to conventional size channels. The flow patterns changed from single-phase flow to bubbly, slug, churn and annular flow with the increase in heat flux for all test sections. Figure 7 shows the effect of aspect ratio on the bubbly flow regime at nearly similar conditions. As seen in the figure, bubbly flow was not observed in TS1 at the outlet region. Bubbly flow was only observed at the middle region of the channel after boiling incipience at low heat flux levels. This may be attributed to the strong effect of channel confinement in TS1, which leads to bubble elongation and consequently the development of slug flow at the outlet section of the channel. Figure 7b demonstrates that bubbles nucleate and detach from the nucleation sites only at the channel corners for TS2 (b ¼ 2.56). This is different compared to what is observed in TS3 (b ¼ 4.94) where the bubbles nucleate and detach from nucleation sites on the bottom surface of the channel as well as the channel corners. The difference in the location of active nucleation sites between TS2 and TS3 could be attributed to (i) the difference in surface roughness and (ii) the area of bubble influence. In narrow channels, the local cooling due to the nucleating bubble starting in the corner may span the channel width. This could reduce the temperature of the bottom surface and confine nucleation only in the channel corners. On the contrary, in wide channels, the channel width is larger than the area of bubble influence. Thus, the local wall superheat may not be affected by the bubbles nucleating at the channel corners resulting in the formation of bubbles on the bottom surface. It is worth mentioning that channel corners favor bubble nucleation regardless of channel size.
Effect of aspect ratio on flow patterns
In the literature, some researchers reported that slug flow appears immediately after boiling incipience when the channel size is too small. For example, Harirchian and Garimella [36] for dielectric fluid (FC-77) did not observe bubbly flow in the two smallest microchannels (D h ¼ 0.16 and 0.307 mm) tested in their study whilst they reported bubbly flow in the larger microchannels (D h ¼ 0.4-0.749 mm). As mentioned above, slug flow appeared immediately after boiling incipience in TS1 near the channel outlet, i.e. as the aspect ratio decreases, the bubbles coalesce very rapidly and form elongated bubble (slug) due to the confined space.
As the heat flux was increased, the bubbles started to coalesce and became as large as the channel size resulting in the formation of slug flow in the three test sections, see Figure 8 . As the heat flux was increased further, the flow regime turned to churn flow and annular flow as seen in Figures 9 and 10 , respectively. In the churn flow regime, the larger vapor bubbles become unstable and collapse. In this regime, the structure of the large elongated slugs and distorted vapor pockets alternated and resulted in chaotic motion and the liquid-vapor interface disappeared. The tail of the slug was no longer distinguishable properly at this condition. The characteristics of the churn flow were similar for all test sections. In annular flow, the liquid layer was present on the channel wall and the vapor flowed continuously at the center of the channel for all test sections.
It can be concluded from the above discussion that channel aspect ratio has an effect on the bubbly flow characteristics. For example, bubbly flow was not observed in the channel with the smallest aspect ratio (TS1, b ¼ 0.5) at the outlet region, i.e. narrower channels did not support bubbly flow downstream the nucleate boiling region. Instead, the slug flow regime appeared immediately after boiling incipience at the outlet section although bubbles were observed in the upstream sections. On the other hand, isolated small bubbles were observed at the outlet region for the microchannel having the largest aspect ratio (b ¼ 4.94) after boiling incipience. In TS2, the shape of the bubbles was elongated rather than isolated as in TS3. The reason for this might be the small aspect ratio of TS2 compared to TS3, which means that the confinement effect due to the side walls is important. The aspect ratio does not affect the other flows significantly.
Heat transfer results
Boiling curve
The boiling curve can be used to assess the heat transfer surfaces in terms of boiling incipience and nucleation, i.e. the slope of the curve can give an indication of nucleation. Boiling incipience can be detected from the Dp tp -q" curve, q"-DT sub curve or h tp -q" as the condition at which there is a sudden change from single phase values to two phase values, see ref. [37] . It can also be detected by flow visualization using a high speed camera when the first bubble appears, see ref. [38] . In the present study, the boiling incipience was detected from the conventional boiling curve (q"-DT sub ) when there was a sudden change in the slope of the curve supported with flow visualization and fluctuations in pressure and temperature signals, see ref. [16] . The fluctuations in pressure and temperature were negligible at zero heat flux while when boiling commenced the signals demonstrated large periodic fluctuations. This was considered as evidence of boiling incipience. Figure 11 depicts the boiling curve for TS1, as an example, for one axial location z/L ¼ 0.6 and different mass fluxes. The figure shows that, for all mass fluxes, the wall superheat at boiling incipience is between 3 Figure 7 . Effect of channel aspect ratio on bubbly flow. and 5 K, with a clear change in slope at these values. At boiling incipience the wall superheat dropped slightly in all test sections and increased again with increasing heat flux. Figure 11 indicates also that the heat flux at the Onset of Nucleate Boiling (ONB) depends slightly on mass flux, e.g. it increased with increasing mass flux. However, for higher heat flux input ($q" > 600 kW/m 2 ) the mass flux effect on the boiling curves become weaker. These results agree with refs. [19, 38, 39] who reported that the mass flux effect on the boiling curve is not very significant. Mahmoud [38] analyzed the boiling curves in a vertical tube of D ¼ 0.52 mm and concluded that the mass flux had no effect on the boiling curve, even at axial locations near the tube exit. The weak mass flux effect depicted in Figure 11 indicates that the heat transfer coefficient calculated as q , =ðT w À T sat Þ is lower for G ¼ 800 kg/(m 2 s) compared to G ¼ 200 kg/(m 2 s). The tendency of the heat transfer coefficient to decrease with increasing mass flux could be attributed to the increase in pressure gradient with increasing mass flux, which can affect the local saturation temperature. It is worth mentioning that the assumption of linear pressure drop along the channel adopted in the data reduction could result in some errors in the prediction of the local saturation temperature. Figure 12 depicts the temperature variation with axial location for the lowest and highest mass fluxes. As can be seen, the wall superheat increased significantly toward the exit as the mass flux was increased from 200 to 800 kg/(m 2 s). The heat flux used in the calculations was assumed to be uniformly distributed along the channel. These factors, high pressure drop, linear assumption of pressure drop and uniform heat flux, could possibly explain this result, i.e. decrease of the heat transfer coefficient with increasing mass flux. This is currently under investigation. Figure 13 illustrates the effect of channel aspect ratio on the boiling curve for G ¼ 800 kg/(m 2 s) at axial location z/L ¼ 0.6. As can be seen from the figure, the ONB commences at similar wall superheat values for TS1 and TS3 [$4-5 K]. On the contrary, TS2 starts boiling at slightly lower wall superheat [$3 K]. However, the difference is not notable. The figure demonstrates also that after boiling incipience, the boiling curves of TS1 with b ¼ 0.5 and TS3 with b ¼ 4.94 merge into one curve up to a heat flux value of about 500 kW/m 2 after which the two curves deviate with a larger slope for TS3, i.e. higher heat transfer rate. This means that the deepest and widest channels tested in this study exhibit similar behavior in the low heat flux region. On the contrary, the TS2 with b ¼ 2.56 performed better in this low heat flux region compared to TS1 and TS3. In the high heat flux region, the behavior of TS2 approaches that of TS3. Closer flow visualization work, combined with among others an assessment of the surface characteristics (to include not only surface roughness but also possible number/size of cavities) are necessary to explain this result for these three aspect ratios. This behavior of the boiling curve has been also observed for other mass flux values (G ¼ 200 kg/(m 2 s), G ¼ 400 kg/(m 2 s) and G ¼ 600 kg/(m 2 s)). Therefore, the effect of aspect ratio on the boiling curve has similar characteristics for all mass flux tests.
Effect of heat flux, and channel aspect ratio on heat transfer coefficient Effect of heat flux. Figure 14 depicts the effect of heat flux on the local heat transfer coefficient versus local vapor quality for TS1 at G ¼ 200 kg/(m 2 s) and low to moderate heat flux levels while Figure 15 depicts the heat flux effect at high heat flux levels. The degree of inlet subcooling was 14 K. As seen in Figure 14 , for low to moderate heat fluxes (up to x local ¼ 0.2), the heat transfer coefficient increased with increasing heat flux with little dependence on vapor quality. For each heat flux value, the heat transfer coefficient increased rapidly to a peak value at vapor quality near zero (boiling incipience). Beyond this point, the heat transfer coefficient had a slightly decreasing trend or remained almost constant with vapor quality for vapor quality 0.02 < x local < 0.2 where the flow regimes changed from bubbly/slug to churn and annular flows. The possible explanation of the constant trend of the heat transfer coefficient in the low quality region might be the presence of nucleating bubbles inside the thin liquid film even during churn and annular flow, see [23] . Kandlikar and Balasubramanian [39] investigated flow boiling of water in rectangular microchannels (D h ¼ 0.33 mm). They reported that the flow boiling heat transfer coefficient slightly decreased or remained constant with vapor quality. They observed nucleating bubbles at the walls during liquid flow and in the thin liquid film during churn and annular flow. They attributed the trend of flow boiling heat transfer coefficient versus vapor quality to these nucleating bubbles.
The above results reveal that the heat transfer coefficient increased with heat flux and was independent of vapor quality at low and medium heat flux inputs or vapor quality 0.02 < x local < 0.2. These results are in agreement with the results of [22, 23, 40] , which showed that the heat transfer coefficient increased with heat flux for low and moderate heat flux input or low vapor quality region (x local < 0.2) and slightly decreased or remained constant with vapor quality for x local > 0.2. On the other hand, some other researchers reported that the heat transfer coefficient decreased sharply with vapor quality in the saturated region up to x local % 0.7 (the highest vapor quality in their study), see [19, 41, 42] . These researchers attributed this trend of heat transfer coefficient to partial dry-out due to rapid bubble growth or the possible high pressure drop in micro-scale channels. In this study, the heat transfer coefficient also decreased sharply with local vapor quality but only at high mass flux conditions, i.e. G > 600 kg/(m 2 s). Figure 15 demonstrates that for high heat flux levels, the effect of heat flux on the local heat transfer coefficient versus local vapor quality and dimensionless axial distance is insignificant. The corresponding flow regimes were annular or churn flow at these high heat flux condition.
The abovementioned behavior may be explained as follows: the observed elongated slugs seemed stagnant for a period of time before the fresh liquid pushes them downstream. Thus, at low and medium heat flux input, it is probable that the elongated slugs leave the channel before the liquid film dries out. The clear heat flux effect observed at the low and medium heat flux input in Figure 14 could be attributed to this process during the nucleation cycle. At high heat flux input partial dry-out might be the reason of the insignificant heat flux effect on the heat transfer coefficient. Partial dry-out was captured in the channels using the high-speed camera where a vapor blanket was observed near the middle and outlet of the channels during the tests. However, no significant increase in the wall temperature was observed at this condition. Moreover, the heat transfer coefficient slightly decreased with vapor quality for all test sections at high heat flux input. At higher mass fluxes, the heat transfer coefficient declined sharper than at the lower mass flux conditions. In order to understand the reason of the decreasing trend of the local heat transfer coefficient with local vapor quality, the variation in saturation temperature with dimensionless axial channel distance is plotted in Figure 16 for the last three applied heat fluxes and for the TS1 at 800 kg/(m 2 s). The local saturation temperature values were calculated based on the local pressures. The local pressure values were determined using an assumption that the flow boiling pressure drop decreases linearly along the microchannels. As seen in Figure 16 , the saturation temperature decreases at a higher rate compared to the wall temperature with increasing distance from the inlet. Thus, the difference between the wall temperature and saturation temperature increase toward to the outlet at the fixed value of mass flux and heat flux, giving a smaller calculated heat transfer coefficient.
Effect of channel aspect ratio. Figure 17 depicts the effect of channel aspect ratio on the local heat transfer coefficient plotted versus local vapor quality at G ¼ 200 kg/(m 2 s) for these channels, which have the same hydraulic diameter and length (D h ¼ 0.56 mm, L ¼ 62 mm). The channels with smaller aspect ratio exhibited better heat transfer performance for low/ medium heat flux input up to local quality 0.2. However, at high heat flux input, the channel aspect ratio has little effect on the local heat transfer coefficient. A very small effect at high heat flux input can be seen in Figure 17d until the middle region of the channel (z/L 0.6). However, after that, the heat transfer coefficient curves appeared to merge together for the microchannels. These results were also obtained for other mass flux conditions (G ¼ 400, 600 and 800 kg/(m 2 s)). In order to see this trend clearly, the average heat transfer coefficient versus heat flux for the microchannels is plotted for the 200 kg/(m 2 s) and 600 kg/(m 2 s) mass fluxes in Figure 18a ,b. The channels having smaller aspect ratio have a better heat transfer performance up to $480-500 kW/m 2 heat flux input. The channel aspect ratio has no effect on the heat transfer coefficient beyond these heat flux values. The results of Figure 18 are in agreement with those presented in the above subsections where the heat transfer coefficient increased with heat flux at low and medium heat flux input but became constant at high heat flux input. Since the controlling heat transfer mechanism was found to be nucleate boiling at low and medium heat flux input, a possible explanation for the better heat transfer performance of the smaller aspect ratio channel (the deep channel) might be the stronger effect of stratification (higher buoyancy effects). This could possibly allow the bubbles to detach from the surface and flow in the upper cross section of the channel leaving a thicker liquid film at the bottom surface and channel corners. In other words, the bottom surface of the channel is always wetted in deep channels. Therefore, deeper channels exhibited better heat transfer performance in the nucleate boiling region. At higher heat flux input, the nucleate boiling may be replaced with thin film evaporation and hence, the heat transfer coefficient became less sensitive to channel aspect ratio. As discussed in the introduction section, the effect of aspect ratio is very complex. Markal et al. [11] reported that the heat transfer coefficient increased with increasing heat flux in deep channels while it decreases with heat flux in shallow channels. On the contrary, Candan et al. [13] reported that the deep channels exhibited poor heat transfer performance due to the occurrence of dryout. Recently, Al-Zaidi et al. [43] reported that, for HFE-7100, the local heat transfer coefficient increases with increasing aspect ratio for all tested conditions. It is clear from the above that the effect of aspect ratio on the local and average heat transfer coefficient is not clear and needs further investigation. This should include a range of aspect ratio of channels having the same surface roughness and hydraulic diameter. These studies should include different fluids, since fluid properties can affect flow patterns and heat transfer mechanisms and subsequently the aspect ratio effect. 
Comparison of the data with flow boiling heat transfer correlations
The flow boiling heat transfer coefficient data were compared with four widely used conventional scale and nine widely used micro-scale correlations. The evaluation of the correlations was conducted using the percentage of the data (a) within ±30% error bars and the MAE. In the literature, many researchers [40, [44] [45] [46] compared their data with conventional scale correlations and reported that these correlations generally under-predicted or over-predicted the heat transfer coefficient at micro-scale level. This might be attributed to the fact that the conventional scale correlations do not consider the microscale effects such as surface tension and confinement. Since the surface tension force becomes dominant as the diameter decreases, this effect needs to be considered in microscale systems. Table 4 summarizes the results of the comparisons with these correlations [47] [48] [49] [50] .
As seen in the Table 4 , the conventional-scale correlations could not predict well the experimental heat transfer coefficients for all test sections. Accordingly, nine micro-scale correlations were selected to compare with the experimental data in the current study [22, 46, [51] [52] [53] [54] [55] [56] . These correlations were developed for water. However, Lazarek and Black [55] and Mahmoud and Karayiannis [56] (correlations 1 and 2) which were developed based on refrigerants are also included. Table 5 provides the comparisons of the experimental data with micro scale correlations.
As demonstrated in the results summarized in Table 5 , the micro-scale correlations performed better than the conventional-scale correlations. The correlations of Sun and Mishima [53] , Li and Wu [54] , Mahmoud and Karayiannis [56] (correlations 1 and 2) predicted fairly well the experimental data for the tested microchannels and the current experimental range. The applicability range and reported accuracy of the conventional-scale and micro-scale boiling heat transfer correlations are summarized in Table 6 .
Conclusions
Flow boiling heat transfer was investigated in three copper microchannel test sections having the same length (62 mm) and hydraulic diameter (0.561 mm) but different aspect ratio (b ¼ 0.5, 2.56 and 4.94). The effect of heat flux, vapor quality and channel aspect ratio on flow patterns and heat transfer coefficient results were presented and discussed. The results were also compared with some existing heat transfer correlations. The key concluding remarks can be summarized as follows: ratio (TS3, b ¼ 4.94). As the aspect ratio was decreased to 2.56, the bubbles became elongated due to confinement. 3. The local heat transfer coefficient increased with heat flux and was independent of the local vapor quality for low and medium heat fluxes. However, the effect of heat flux was insignificant at high heat fluxes. 4. The heat coefficient increased as the channel aspect ratio decreased up to heat flux values about 480-500 kW/m 2 . For higher heat fluxes, the channel aspect ratio had no effect on the heat transfer coefficient. Further research is recommended to clarify the effect of aspect ratio. 5. The conventional scale correlations could not predict the experimental heat transfer results. 6. The micro-scale correlations proposed by Sun and Mishima [53] , Li and Wu [54] and Mahmoud and Karayiannis [56] predicted the experimental results reasonably well.
Acknowledgement
The first author acknowledges the support provided by the Turkish Higher Research Council. He has carried out fundamental and applied research in a number of heat transfer related topics including natural convection and renewable energy. He has been involved with two-phase flow and heat transfer for over 30 years. Initially, he worked on the enhancement of pool boiling and condensation processes using high intensity electric fields (electrohydrodynamic enhancement of heat transfer). In parallel, he carried out extensive experimental work in pool boiling heat transfer with plane and enhanced surfaces. He has also been very actively involved with research in flow boiling in small to micro tubes and micro-multi-channels. This work involves fundamental studies as well as research leading to the design of high heat flux integrated thermal management systems. He chairs the Int. Conf. on Micro and Nanoscale flows. He is a Fellow of the EI and the IMechE, the Chairman of the UK National Heat Transfer Committee and a UK Representative on the Assembly for Int. Heat Transfer Conferences.
Notes on contributors
